Edited by Roger J. Colbran Ca 2؉ /calmodulin-dependent protein kinase II (CaMKII) is a well-characterized, abundant protein kinase that regulates a diverse set of functions in a tissue-specific manner. For example, in heart muscle, CaMKII regulates Ca 2؉ homeostasis, whereas in neurons, CaMKII regulates activity-dependent dendritic remodeling and long-term potentiation (LTP), a neurobiological correlate of learning and memory. Previously, we identified the GTPase Rem2 as a critical regulator of dendrite branching and homeostatic plasticity in the vertebrate nervous system. Here, we report that Rem2 directly interacts with CaMKII and potently inhibits the activity of the intact holoenzyme, a previously unknown Rem2 function. Our results suggest that Rem2 inhibition involves interaction with both the CaMKII hub domain and substrate recognition domain. Moreover, we found that Rem2-mediated inhibition of CaMKII regulates dendritic branching in cultured hippocampal neurons. Lastly, we report that substitution of two key amino acid residues in the Rem2 N terminus (Arg-79 and Arg-80) completely abolishes its ability to inhibit CaMKII. We propose that our biochemical findings will enable further studies unraveling the functional significance of Rem2 inhibition of CaMKII in cells.
Calcium/calmodulin-dependent kinase II (CaMKII) 3 is an abundant, multifunctional serine-threonine kinase whose reg-ulation and activity are uniquely sensitive to intracellular Ca 2ϩ levels (1) (2) (3) . The functions of CaMKII are best understood in excitable cell types such as neurons where Ca 2ϩ signaling plays a critical role in the functional output of these cells. Welldescribed roles for CaMKII in neurons include regulation of gene expression, synaptic plasticity (e.g. long-term potentiation), ion channel function, and modulation of the cytoskeleton (1, 4) . Along these lines, ion channels such as ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, voltage-gated calcium and potassium channels, and the transcription factor cAMP-response element-binding protein (CREB) are all well-described CaMKII substrates (5) (6) (7) .
Upon neuronal depolarization, activation of CaMKII is mediated by calcium-bound calmodulin and subsequent autophosphorylation, whereas turning off the kinase activity of CaMKII is regulated in part by cytosolic phosphatases (8) . However, during certain cellular processes such as synaptic potentiation, CaMKII accumulates in cellular regions with a low local concentration of phosphatases (9, 10) . How uncontrolled kinase activity is avoided in those circumstances remains an open question. One potential mechanism would be the activity-regulated expression of endogenous CaMKII inhibitors. Thus far, only a few endogenous inhibitors of CaMKII have been described in mammals, and regulation of their expression is not well-understood (11, 12) .
We previously showed that Rem2 is an activity-regulated gene as its mRNA expression is up-regulated by neuronal depolarization both in vitro and in vivo (13, 14) , and the Rem2 protein is also subject to activity-dependent post-translational modification (15) . Moreover, we demonstrated using gene knockdown approaches in cultured rodent neurons and Xenopus laevis optic tectum that Rem2 regulates dendritic branching (13, 16) in conjunction with CaMKII signaling. In addition, overexpression of Rem2 in various cell types profoundly inhibits high voltage-activated Ca 2ϩ channels (17) (18) (19) (20) ; CaMKII also modulates the properties of voltage-gated calcium channels (21) (22) (23) (24) .
Rem2 is expressed in several tissues but predominantly in the brain where all four CaMKII isozymes are also present (25) . Rem2 is a member of the RGK subfamily (Rem2, Rad, Rem, and Gem/Kir) of the Ras superfamily of monomeric G-proteins (26). A number of features differentiate RGK family members from the Ras superfamily. For example, the crystal structures of
Results
To identify molecules that potentially interact with Rem2 in cells, we performed a biochemical enrichment of Rem2-interacting proteins followed by MS identification. We passed whole-brain lysate from P14 rats over a column containing a maltose-binding protein (MBP)-Rem2 fusion protein bound to amylose-agarose or an MBP-alone control column. Bound proteins were eluted and separated by SDS-PAGE, and protein bands specifically bound to MBP-Rem2 were visually identified ( Fig. S1A ) and further analyzed by MS. Using this approach, all four isozymes of CaMKII were identified (Fig. 1A) . However, given the mixed holoenzyme nature of CaMKII, it is possible that Rem2 directly interacts with only one or a subset of the isozymes. In addition to CaMKII, other previously identified Rem2-interacting proteins such as 14-3-3 and calmodulin were also detected (29, 30) .
Although Rem2 is a substrate of CaMKII in vitro (15) , our ability to detect the CaMKII-Rem2 interaction by affinity chromatography suggests a more stable interaction between Rem2 and CaMKII than that which is typical between a kinase and substrate. To confirm the in vivo association of Rem2 with CaMKII, we performed two different coimmunoprecipitation assays. First, we demonstrated that an HA epitope-tagged Rem2 protein (HA-Rem2) and a myc epitope-tagged CaMKII␣ protein expressed in HEK293T cells coimmunoprecipitate using an anti-HA antibody and immunoblotting with an antimyc antibody (Fig. 1B) . These data are consistent with previous reports showing that Rem2 interacts with CaMKII␣ in 293T cells (31) .
Next, we asked whether the endogenous Rem2 and CaMKII proteins associate in lysates obtained from mouse hippocampus. Rem2 was immunoprecipitated using a polyclonal goat antibody; normal goat serum was used as a negative control (Fig. 1C ). Immunoblotting with a rabbit polyclonal antibody that specifically recognizes Rem2 (16) revealed the presence of Rem2 in both the lysate and the goat Rem2 immunoprecipitated samples but not in the goat serum control samples (Fig.  1C, left panel) . Importantly, immunoblotting with monoclonal CaMKII␣ antibody demonstrated that CaMKII associates with Rem2 in mouse hippocampal lysates (Fig. 1C, right panel) .
To examine the relationship between Rem2 and CaMKII, we took an in vitro approach to ask what effect Rem2 has on CaMKII activity. We purified recombinant Rem2 and CaMKII␣ holoenzyme, the main isozyme expressed in the adult brain (32) , from Escherichia coli. Gel filtration analysis and negative stained EM images of the peak fraction of the purified CaMKII␣ are consistent with a dodecameric form of the holoenzyme in this preparation ( Fig. S1 , B-D). To test the kinase activity of the enzyme, we used the classic pyruvate kinase/lactate dehydrogenase (PK/ LDH) coupled assay (33, 34) . In this assay, the production of ADP by the phosphorylation reaction of the kinase is coupled to the decay of NADH to NAD ϩ in a 1:1 molar ratio. Thus, monitoring the rate of NADH decay by spectrophotometry provides Figure 1 . Rem2 binds to CaMKII. A, mass spectrometry data identifying CaMKII isozymes retained by a Rem2 affinity matrix after loading with total brain lysate from P14 WT rats. The number of unique and total peptides and the percentage of the protein sequence covered for each isozyme are shown. B, coimmunoprecipitation of Rem2 and CaMKII␣ from HEK293T cells transfected with HA-tagged Rem2, myc-tagged CaMKII␣, or both. Rem2 was immunoprecipitated using an anti-HA antibody. Anti-myc and anti-HA immunoblotting was performed to detect CaMKII␣ and Rem2, respectively. C, coimmunoprecipitation of Rem2 and CaMKII␣ from mouse brain lysates using goat anti-Rem2 antibody. Immunoblotting was performed using rabbit anti-Rem2 and mouse anti-CaMKII␣ antibodies to detect Rem2 and CaMKII␣, respectively. The numbers represent the position of protein molecular mass standards in kDa. IP, immunoprecipitation; IB, immunoblotting. The experiment was repeated three times.
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a quantification of ADP production and thus ATPase activity. Using this assay, we determined that our preparation of CaMKII␣ is active using syntide-2 as a substrate (Fig. 2, A and  B) .
Interestingly, CaMKII␣ kinase activity is strongly inhibited by addition of Rem2 to the assay (Fig. 2 , A-F). In fact, Rem2 completely inhibits CaMKII␣ activity, limiting ADP production to a level equal to our control condition that lacks CaMKII␣. As Rem2 is a GTPase, we asked whether the identity of nucleotide bound to Rem2 affects its ability to inhibit CaMKII kinase activity. We found no difference in the ability of Rem2 to inhibit CaMKII activity using nonhydrolyzable analogs of GTP (GMP-PCP) or GDP (GDP-␤-S) in our assay (Fig. 2,  A and B) . It is important to note that, under our experimental conditions, the concentration of guanine nucleotides used (40 M) is saturating for Rem2, whereas CaMKII␣ kinase activity has been shown to be unaffected by this concentration of guanine nucleotides (26, 35) . Accordingly, addition of the nucleotides in the absence of Rem2 did not alter the kinase activity of CaMKII (Fig. 2, A and B) . In addition, CaMKII␣ inhibition by Rem2 was also observed in the absence of guanine nucleotides (see Fig. 6 , C-F, below). These results suggest that the mechanism of inhibition is independent of which nucleotide is bound to Rem2.
We sought to confirm these results using a direct kinase assay method, monitoring the incorporation of radiolabeled phosphate from [␥-32 P]ATP into the peptide substrate syntide-2 under the same experimental conditions. In agreement with our observations using the PK/LDH assay, we found that phosphorylation of syntide-2 by CaMKII␣ is significantly decreased in the presence of Rem2 and either GMP-PCP or GDP-␤-S (Fig.  2 , C and D). Importantly, inhibition of CaMKII␣ by Rem2 was also observed when a full-length protein, glycogen synthase, was used as substrate ( Fig. S2 ).
Next, we determined the IC 50 by titration of Rem2 protein in our PK/LDH assay. We found that Rem2 is a potent inhibitor of CaMKII with an apparent IC 50 of ϳ6 nM using the peptide syntide-2 as substrate ( Fig. 2 , E and F). For comparison, the IC 50 of the inhibitory domain of densin and of the CaMKII inhibitor CaMKIIN on the same substrate is 49 and 50 nM, respectively (12, 36) .
We then proceeded to investigate the properties of this inhibition. First, we sought to determine whether Rem2 interferes with the activation of CaMKII by Ca 2ϩ /calmodulin (CaM). We titrated the amount of CaM present in the PK/LDH assay in the presence or absence of 500 nM Rem2 (Fig. 3, A and B) . We found that Rem2 efficiently inhibited CaMKII activity over a wide range of CaM concentrations equal to or above the Rem2 con- The GTPase Rem2 inhibits CaMKII activity centration in the assay (i.e. 40-fold; 0.5-20 M), indicating that Rem2 is unlikely to act simply as a CaM scavenger.
Next, we asked whether Rem2 inhibited CaMKII autophosphorylation. In this experiment, autophosphorylation of CaMKII␣ was induced by incubation of the enzyme with Ca 2ϩ / CaM and [␥-32 P]ATP in the presence or absence of 500 nM Rem2 for 2 min (Fig. 4 ). This incubation time has been shown to produce strong phosphorylation at the CaMKII autophosphorylation site residue Thr-286 (37) . The reaction mixture was separated by SDS-PAGE, and the radioactivity of 32 P-labeled CaMKII␣ was measured using a phosphorimaging system ( Fig.  4, A and B) . We found no difference in CaMKII autophosphorylation in the presence or absence of Rem2. This result indicates that Rem2 does not inhibit CaMKII autophosphorylation, suggesting that it is unlikely that Rem2 acts by hindering CaM binding to the regulatory domain of CaMKII. We confirmed this result by monitoring phosphorylation at the Thr-286 residue of CaMKII␣ using slot-blotting and a Thr-286 phosphospecific antibody ( Fig. 4 , C and D). Strong immunoreactivity was observed when CaMKII␣ was incubated with Ca 2ϩ /CaM in the presence of ATP as expected. Addition of Rem2 to the reaction did not alter the extent of CaMKII␣ autophosphorylation on Thr-286. Taken together, these experiments suggest that Rem2 acts as an inhibitor of CaMKII catalytic activity on substrates other than the CaMKII regulatory domain.
Next, we sought to determine whether Rem2 interferes with the catalytic activity of the Ca 2ϩ /CaM-independent, autonomous form of the enzyme on syntide-2. CaMKII␣ was preincubated with ATP and Ca 2ϩ /CaM for 2 min to promote CaMKII␣ autophosphorylation at residue Thr-286 and CaMKII␣ autonomous activity (37) . After the incubation, free calcium in the solution was brought to values below 50 nM by addition of EGTA to suppress any Ca 2ϩ /CaM-dependent activity. The preincubated mixture was then immediately used in the PK/LDH assay in the presence or absence of 500 nM Rem2 using syntide-2 as a substrate (Fig. 4 , E and F). As a negative control, we added EGTA during the CaMKII preincubation to confirm that only the CaMKII autonomous activity was assayed ( Fig. 4 , E and F). We found that addition of Rem2 after CaMKII preincubation caused a substantial decrease in total ATP consumption, indicating a strong inhibition of the autonomous activity of CaMKII␣.
Because we observed that Rem2 inhibits the catalytic activity of CaMKII, we next asked whether Rem2 selectively inhibits CaMKII phosphorylation of specific types of substrates that are known to bind to different regions of the catalytic domain (i.e. S-and T-sites (38) ). Using the PK/LDH assay, we compared the efficacy of Rem2 inhibition of CaMKII using the peptides syntide-2 and autocamtide-2 as models of S-and T-type substrates, respectively ( Fig. 5, A and B) . We found that Rem2 is a much more potent inhibitor of CaMKII activity on syntide-2, indicating a preference for Rem2 inhibition of CaMKII activity on S-type substrates, thus hinting at a substrate-specific mechanism of Rem2 inhibition. A similar selectivity has been described for the CN21a inhibitory peptide and the densin internal domain (36, 38) .
We sought to gain further insight into the functional implications of Rem2 inhibition of CaMKII by investigating whether the inhibition is CaMKII isozyme-specific. Interestingly, peptides from all four CaMKII isozymes were identified in our MS analysis, suggesting that Rem2 does not interact exclusively with the ␣ isoform. Thus, we chose to extend our inhibition studies to the CaMKII␦ isozyme, which is expressed in neuronal and nonneuronal cells but is also the major cardiac CaMKII (25) ( Fig. 5 , C, D, and F). We found that Rem2 is a potent inhibitor of CaMKII␦, similar to its effect on CaMKII␣, demonstrating that Rem2 inhibition of CaMKII is not restricted to the ␣ isoform.
The conservation of Rem2 function with respect to CaMKII isozymes argues that the regions required for Rem2 inhibition are likely contained within conserved segments of the CaMKII protein. To test this idea, we used a commercially available monomeric version of CaMKII␣ (New England Biolabs). This monomeric version of the kinase is truncated at position 325 and thus lacks the association domain but retains the catalytic and the regulatory Ca 2ϩ /CaM-binding domains. We found that Rem2 displays only a weak inhibitory effect on syntide-2 phosphorylation using this truncated version of CaMKII␣ (Fig. 5 , E and F). This result suggests that potent Rem2 inhibition requires the association domain and is specific for the holoen- 
zyme, the physiologically relevant form of the enzyme. Interestingly, our result is similar to the preferential binding of the densin C terminus to the holoenzyme form of CaMKII␣ (36) .
To gain insight into the cellular relevance of Rem2 inhibition of CaMKII, we began mapping the protein domains involved in the interaction. We purified deletion mutants of Rem2 and compared the ability of these Rem2 mutants to inhibit CaMKII with the full-length protein. We divided Rem2 primary sequence in three major domains (N terminus, GTPase core, and C terminus) and produced deletion mutants lacking one or two of those domains ( Fig. 6A ).
First, we tested a Rem2 deletion lacking the C terminus, Rem2-⌬C, and found that this mutant fully inhibited the kinase activity of CaMKII␣, suggesting that this domain is not required for the inhibitory properties of Rem2 (Fig. 6 , C and D). We next deleted both the N-and C-terminal domains, producing a Rem2 protein containing only the GTPase core. Interestingly, this protein could not inhibit CaMKII␣, indicating that at least part of the N-terminal domain is required for inhibition ( Fig. 6, C and D) . Finally, we purified the N terminus of Rem2 alone and found that, at the same concentration used for the full-length protein, the N terminus of Rem2 could only partially (19%) inhibit the kinase activity of CaMKII␣ ( Fig. 6 , C and D). This result indicates that the GTPase core is also required and suggests that multiple domains of Rem2 are involved in CaMKII inhibition. A similar multidomain interaction with CaM-KII has been described for the scaffolding protein densin (36, 39) .
The fact that the Rem2 N terminus alone retains some inhibitory capacity, taken together with our data suggesting that Rem2 inhibits CaMKII substrate recognition at the S-site, prompted us to search the N-terminal primary amino acid sequence for pseudo-CaMKII substrate sequences. We identified a pseudosubstrate sequence ( Fig. 6B ) in the distal portion of the domain and designed a deletion mutant lacking the sequence upstream to this sequence, Rem2-⌬N73. As shown in Fig. 6 , E and F, the Rem2-⌬N73 protein completely inhibits CaMKII␣ activity, indicating that at least one of the required inhibitory sequences is contained within Rem2 amino acids 74 -99.
We further refined our analysis by disrupting the pseudosubstrate recognition sequence by inserting two point mutations, R79G and R80G, into full-length Rem2; we call this protein Rem2 RR/GG . Accordingly, the purified Rem2 RR/GG mutant protein failed to inhibit the kinase activity of CaMKII␣ ( Fig. 6 , E . C, representative experiment of slot-blot analysis of CaMKII␣ using an antibody specific for phospho-Thr-286. CaMKII␣ was incubated for 2 min with the reagents indicated above the blot. D, quantification of all experiments as in C (n ϭ 9; standard deviations are shown; ns, not significantly different, one-way ANOVA with Tukey's post hoc test). E, CaMKII␣ (60 nM) was preincubated with ATP (500 M) and Ca 2ϩ /CaM (1 mM/10 M) for 2 min at room temperature to promote CaMKII␣ autophosphorylation and autonomous activity. The preincubated mixture was then exposed to syntide-2 (200 M) ([Ca 2ϩ ] Ͻ 50 nM). The total ATP consumption as a function of time in the absence (blue squares) or presence of Rem2 (500 nM; gold squares) is shown. Addition of EGTA during the preincubation was used to confirm that only the autonomous activity was assayed (black triangles). A negative control (gray diamonds) was conducted in the absence of CaMKII␣. F, the kinase activity of CaMKII␣ in each of the conditions described in E is shown using the same color code (n ϭ 6; error bars depict standard deviations; ****, p Ͻ 0.0001, one-way ANOVA with Tukey's post hoc test). Pos, positive; Neg, negative; a.u., arbitrary units.
and F), indicating that the pseudosubstrate sequence is required for inhibition. Importantly, this mutant version of Rem2 retains the ability to inhibit calcium influx through voltage-gated calcium channels (17) (18) (19) (20) in a cultured cell assay, indicating that the RR/GG mutation does not completely disrupt Rem2 function (Fig. S3) .
The purified N terminus is only a weak inhibitor of CaMKII ( Fig. 6 , C and D), suggesting the existence of a multidomain interaction between Rem2 and CaMKII that may serve to increase the effective concentration of the N terminus of Rem2 at the S-site. In this case, a high concentration of a peptide identical to the region of Rem2 N terminus containing the pseudosubstrate sequence should be able to inhibit CaMKII. To test this hypothesis, we obtained a 21-amino-acid peptide corresponding to residues 68 -88 of Rem2 N-terminal domain (Fig.  7A ). Next, we tested the ability of the peptide to inhibit CaMKII␣ kinase activity at two concentrations, 0.5 and 150 M (Fig. 7B ). We found that CaMKII␣ was strongly inhibited when the peptide was added at 150 M ( Fig. 7C ) but not 0.5 M in agreement with the above hypothesis. It is interesting to note that the N-terminal 99 amino acids alone weakly inhibit CaMKII at 500 nM ( Fig. 6 ), whereas the 21-mer peptide does not inhibit at this concentration ( Fig. 7) . One possible explanation for this result is that other residues within the N-terminal 99 amino acids are able to interact with CaMKII and therefore increase the local concentration of the pseudosubstrate or perhaps present the pseudosubstrate sequence in a particular conformation, increasing binding efficiency to the S-site.
Because both Rem2 and CaMKII signaling regulates dendritic branching (40, 41) , we reasoned that Rem2 inhibition of CaMKII might play a role in this process. We took advantage of the Rem2 RR/GG protein to test this hypothesis in primary cultures of rat hippocampal neurons. As previously shown, knockdown of Rem2 using an RNAi reagent targeting Rem2 (Rem2 KD) led to a marked increase in dendritic branching ( Fig. 8 ) (42) . The shRNA construct used was extensively validated in previous work (see Paradis Fig. 1 ), and the extent of knockdown is on the order of 70% in neurons under similar experimental conditions. This phenotype could be rescued by cotransfection of a plasmid encoding a Rem2 cDNA that was rendered RNAi-resistant by introduction of silent mutations into the cDNA sequence (KD ϩ myc-Rem2 OE; Fig. 8, A and B) as was also shown previously (16). Importantly, overexpression of Rem2 alone did not affect dendritic branching (Fig. 8 , A and C).
We repeated the rescue experiment described above using a RNAi-resistant version of the Rem2 RR/GG mutant (myc-Rem2 RR/GG ). First, we determined that myc-Rem2 RR/GG is expressed in cultured hippocampal neurons at levels similar to WT Rem2 (Fig. S4 ). Next, we determined that overexpression 
of the Rem2 RR/GG mutant alone did not affect dendritic branching (Fig. 8, A and C) , similar to results observed with WT Rem2. However, the Rem2 RR/GG mutant was incapable of fully rescuing the increased branching phenotype observed upon Rem2 knockdown in contrast to WT Rem2. One interpretation of these results is that Rem2 inhibition of CaMKII modulates CaMKII-dependent dendritic branching. Furthermore, these findings imply that other CaMKII-dependent pathways exist in the cell that also regulate dendritic branching.
Discussion
In this report, we demonstrate that Rem2 is a potent inhibitor of CaMKII catalytic activity. Interestingly, Rem2 expression and function are regulated by Ca 2ϩ entry into cells, and modu- 
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lation of CaMKII by Ca 2ϩ is one of its most interesting features. Ca 2ϩ /calmodulin binds to the regulatory region of CaMKII, leading to exposure of the catalytic domain and activation of the enzyme (44) . Subsequent phosphorylation at Thr-286 on the regulatory domain by an adjacent CaMKII monomer in the holoenzyme leads to an autonomous, Ca 2ϩ -independent kinase activity. Importantly, autonomous CaMKII is temporally uncoupled from the original cellular signal that led to its activation, potentially allowing the enzyme to act as a molecular memory of previous Ca 2ϩ signaling events (4, 45) . In addition, the unique properties of CaMKII activation allow the enzyme to integrate both the frequency and amplitude of Ca 2ϩ signaling and translate this information into specific cellular outcomes (33, 46, 47) .
CaMKII inhibition could occur via a number of possible mechanisms, which would have different functional consequences for CaMKII signaling. For example, an inhibitor could act on the activation step, impede the autophosphorylation of CaMKII, or block the catalytic activity. In the first case, inhibition of enzyme activation would result in silencing all signaling events mediated by CaMKII. Alternatively, interfering with the autophosphorylation of CaMKII would allow the enzyme to be active only when Ca 2ϩ /CaM is bound, effectively converting CaMKII into a signaling component without autonomous activity, thus preventing the creation of molecular memory. Finally, an inhibitor of the catalytic activity against exogenous substrates would allow the autophosphorylation of CaMKII but prevent phosphorylation of other targets. This type of inhibition could be relevant during repetitive stimulation, permitting the formation of molecular memory but avoiding excessive phosphorylation of protein targets.
Our data indicate that Rem2 does not block CaMKII activation. Two lines of evidence support this conclusion. First, we observed that Rem2 efficiently inhibits CaMKII over a wide range of CaM concentrations (Fig. 3 ). Second, we found no difference in CaMKII autophosphorylation in the presence of Rem2 (Fig. 4) . These results suggest that it is very unlikely that Rem2 acts by hindering CaM binding to the regulatory domain of CaMKII. Interestingly, two different groups, using immunoprecipitation from cellular lysates as their assay, reported that Rem2 interacts with CaM via an interaction with the Rem2 C-terminal domain (30, 31) . Given our current findings, it is possible that this interaction is not mediated by CaM per se but instead by an interaction between Rem2 and CaM-bound CaMKII subunits. Nevertheless, our observation that the Rem2 C terminus deletion mutant retained full inhibitory properties toward CaMKII (Fig. 6 ) suggests that any Rem2-CaM binding mediated by the Rem2 C terminus is not relevant to its ability to inhibit CaMKII.
We propose that Rem2 inhibits the catalytic activity of CaMKII toward substrates. Analysis of Rem2 deletion mutants showed that the inhibition of CaMKII requires two distinct 
domains, the N terminus and the GTPase core (Fig. 6) . The purified N terminus could only partially inhibit the enzyme (Fig. 6) , and a peptide based on this motif only inhibited CaMKII at 150 M ( Fig. 7 ), suggesting that the inhibitory peptide present in this domain has a relatively weak affinity for the catalytic site of CaMKII. In turn, the GTPase core domain alone does not affect the catalytic activity of CaMKII but is required for full inhibition, suggesting that it may be required for CaM-KII binding.
Taken together, these data led us to the following model of Rem2-CaMKII interaction and inhibition (Fig. 9 ). In our model, the GTPase core of Rem2 binds to the association domain of the CaMKII holoenzyme, thus increasing the local concentration of the Rem2 N terminus in proximity to the S-site where it then binds. In agreement with this model, Rem2 could not inhibit a monomeric version of CaMKII that contains the regulatory but not the association domain (Fig. 5E ).
Previously our laboratory discovered that Rem2 is an activity-dependent, negative regulator of dendritic branching and functions in a CaMK signaling pathway to mediate this effect (13, 15, 16) . Similarly, a number of other studies also implicated CaMKII signaling in regulation of dendritic branching (40, 48, 49) , although differing effects of CaMKII␣ and CaMKII␤ activity on dendritic branching have been reported (40) . Whether these disparate results are due to different functions of CaMKII in various neuronal subtypes (e.g. cortical neurons, cerebellar granule neurons, etc.) or different approaches to modulation of CaMKII activity (e.g. pharmacological, constitutive mutants, etc.) or reflect a complexity of function of the endogenous holoenzyme, which may be a multimer of different CaMKII isozymes, remains to be determined.
Nonetheless, the current study further refines our understanding of Rem2 regulation of dendritic branching. Our findings suggest that Rem2 inhibition of CaMKII is at least partially responsible for shaping the dendritic arbor because a mutant version of Rem2 that is unable to inhibit CaMKII only partially rescues the increased dendritic branching observed with Rem2 knockdown. These data also imply the existence of other signaling pathways that are independent of CaMKII catalytic activity, such as Rem2-dependent changes in gene expression (50) , but that also regulate dendritic branching.
One alternative interpretation of the partial rescue of the dendritic branching phenotype is that the myc-Rem2 RR/GG protein is less well-expressed in neurons compared with WT myc-Rem2. However, our quantification of anti-myc-Rem2 immunostaining in cultured neurons (Fig. S4 ) strongly suggests that this is not the case. We also demonstrated that Rem2 RR/GG retains at least some of the biological function of WT Rem2 as overexpression of the RR/GG mutant inhibited voltage-gated calcium channel function similarly to overexpression of WT Rem2 (Fig. S3) .
In summary, we have demonstrated that Rem2 is a potent inhibitor of the CaMKII catalytic activity against exogenous substrates, thus allowing the autophosphorylation of CaMKII while preventing the phosphorylation of other targets. Because its own expression is activity-dependent, our results position Rem2 as a leading candidate for the regulation of CaMKII signaling during periods of high neuronal activity.
Experimental procedures
All experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee at Brandeis University.
Molecular biology
Plasmids containing full-length human CaMKII␣ and -␦ cDNAs were obtained from Addgene (plasmids 23408 and 23814). The cDNAs were subcloned into the pET28-lam-PPase vector. To create pET28-lam-PPase, the -phosphatase gene, including the ribosome-binding site, was subcloned from the vector pPET-PKR/PPase (Addgene 42934) downstream of the multiple cloning site in pET28a (Novagen, Billerica, MA). This vector contains the -phosphatase gene in an operon with the cloned cDNA allowing coinduction of the kinase and -phosphatase. Full-length mouse Rem2 cDNA and its deletion and point mutants were subcloned in-frame with the coding sequence of the MBP present in the pMAL-c5x vector (New England Biolabs, Ipswich, MA). The vector was modified to contain a tobacco etch virus protease recognition site followed by a His 6 tag between the C terminus of MBP and the N terminus of Rem2. For mammalian expression, c-myc and HA epitope tags were added in-frame to the N-terminal sequences 
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of CaMKII␣ and Rem2 and subcloned either into the vector pCMV (myc-CaMKII␣; Clontech) or pcDNA3.1 (HA-Rem2; Invitrogen).
Cell culture and transfection
HEK293T cells were obtained from ATCC (Manassas, VA) and maintained at 37°C and 5% CO 2 . Cells were cultured in Dulbecco's modified Eagle's medium (GE Healthcare) supplemented with 10% fetal bovine serum (GE Healthcare), 100 units/ml penicillin, 100 units/ml streptomycin, and 2 mM glutamine. Once ϳ70% confluence was reached, cells were transfected with 130 ng of cDNA/cm 2 for each plasmid using the calcium phosphate method. Primary neuronal cultures were prepared by coating coverslips with poly-D-lysine (20 g/ml) and laminin (3.4 g/ml) in 24-well plates before hippocampal neurons from embryonic day 18 rat embryos were dissected, dissociated, and plated on top of an astrocyte feeder layer. Neurons were cultured in Neurobasal medium supplemented with B27 (Thermo Fisher) at 37°C and 5% CO 2 . Neurons were transfected using the calcium phosphate method 2 days after plating (day in vitro 2 (DIV 2)).
Coimmunoprecipitation and immunoblotting
HEK293T cells were harvested 24 -48 h after transfection and lysed for 20 min at 4°C with a gentle lysis buffer (25 mM Tris (pH 7.4), 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 0.1% Triton X-100) containing a protease inhibitor mixture (cOmplete Mini, Roche Diagnostics). Pierce anti-HA magnetic beads (Thermo Fisher, Carlsbad, CA) were used to perform coimmunoprecipitations. Input samples were collected prior to mixing cell lysates with prewashed magnetic beads for 30 min at room temperature. After mixing, the beads were washed three times with 1ϫ TBS containing 0.05% Tween 20 detergent (TBS-T), 1 mM MgCl 2 , and 1 mM CaCl 2 . One final wash was done with deionized water also containing 1 mM MgCl 2 and 1 mM CaCl 2 before eluting with 3ϫ sample buffer and boiling at 95°C for 5-10 min.
The hippocampi of P14 -17 mice were dissected and homogenized in 50 mM Tris (pH 7.4), 250 mM NaCl, 2 mM CaCl 2 , 10 mM MgCl 2 , and 0.1% Triton X-100 containing a protease inhibitor mixture. After 30-min incubation at 4°C, the sample was centrifuged at 18,000 ϫ g for 30 min at 4°C. The supernatant was collected and mixed with 4 g of goat anti-Rem2 (sc-160722, Santa Cruz Biotechnology, Dallas, TX) overnight at 4°C. Next, 25 l of prewashed protein G magnetic beads (88847, Thermo Fisher) was added, and the sample was incubated for 2 h at 4°C. After mixing, the beads were washed three times with the lysis buffer and eluted with 2ϫ Laemmli buffer.
Proteins were separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane. Western blotting was performed using the following primary antibodies: anti-myc (antibody 2278, Cell Signaling Technology, Danvers, MA), anti-HA (sc-805-G, Santa Cruz Biotechnology), anti-phospho-CaMKII␣ (Thr-286) (AP0255, Abclonal, Woburn, MA), anti-CaMKII␣ (antibody 50049, Cell Signaling Technology), rabbit anti-Rem2 (Cocalico Biologicals) (16), anti-phospho-GSK-3␣/␤ (Ser-21/9) (antibody 9337, Cell Signaling Technology), and anti-GSK-3␣ (antibody 9338, Cell Signaling Technology). Western blots were developed using the Odyssey Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE) and the following secondary antibodies from LI-COR Biotechnology (IRDye 800CW goat anti-mouse (925-32210), IRDye 800W goat antirabbit (925-32211), and IRDye 680RD goat anti-rabbit (925-68071)) or Rockland Antibodies (donkey anti-goat DyLight 680 (605-744-002)).
Protein expression and purification
Human CaMKII␣ or -␦ (tagged with His 6 in the N terminus) and -phosphatase were coexpressed in E. coli (BL21*(DE3) pRARE2lacI Q ), and protein expression was induced by the addition of 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside. Cells were grown overnight at room temperature, and pellets were resuspended in buffer A (50 mM Tris (pH 8.0), 150 mM sodium chloride, 1 mM tris(2-carboxyethyl)phosphine, 5% glycerol, and 0.1% Triton X-100) containing a mixture of protease inhibitors (cOmplete Mini). Chicken egg white lysozyme was added to a concentration of 0.5 mg/ml, and the cells were incubated on ice for 20 min. Deoxycholate and sodium chloride were added to a final concentration of 0.2% and 650 mM, respectively. Cells were sonicated using a microtip sonicator to reduce viscosity. Imidazole was added to a final concentration of 20 mM. After centrifugation at 20,000 ϫ g at 4°C for 30 min, the supernatant was loaded onto a 0.5-ml Ni-Sepharose 6 Fast Flow column (GE Healthcare). The column was washed with 40 column volumes of buffer A containing 500 mM NaCl and 50 mM imidazole. CaMKII was eluted in buffer A containing 0.5 M imidazole. The eluted sample was then loaded on a HiPrep Sephacryl S-300 HR column (GE Healthcare) equilibrated in 25 mM Tris (pH 8.0), 150 mM NaCl, 1 mM 1,4-dithio-D-threitol (DTT), 5% glycerol, 0.01% Triton X-100, and 0.1 mM EDTA. Fractions containing the holoenzyme were pooled and concentrated using an Amicon Ultra-4 centrifugal filter unit (10,000 molecular weight cutoff) (EMD Millipore, Billerica, MA), frozen in liquid nitrogen, and stored at Ϫ80°C. Protein purity was verified by SDS-PAGE followed by Coomassie staining. WT Rem2 and mutants were expressed in E. coli (BL21*(DE3)) as an N-terminal fusion to MBP. 2 ml of an overnight culture in 2ϫ YT medium containing 0.2% glucose and 50 g/ml kanamycin was further inoculated into 400 ml of the same medium, and cells were grown at 37°C until the A 600 reached 0.6. Protein expression was induced by the addition of 1 mM isopropyl ␤-D-1-thiogalactopyranoside, and the cells were cultured overnight at room temperature. The cells were pelleted and resuspended in 10 ml of a solution containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, and 5% glycerol (buffer R) supplemented with a mixture of protease inhibitors (cOmplete Mini). Chicken egg white lysozyme was added to a concentration of 0.5 mg/ml, and the cells were incubated at 4°C for 20 min. NaCl and Triton X-100 were added to a final concentration of 650 mM and 0.1%, respectively, and the cells were lysed by sonication. After centrifugation at 20,000 ϫ g at 4°C for 30 min, the supernatant was mixed with 500 l of amyloseagarose resin and incubated at 4°C for 3 h. The mixture was centrifuged at 2,000 ϫ g for 2 min, and the supernatant was discarded. The resin was washed three times with 10 ml of buffer R supplemented with 350 mM NaCl. The amylose resin
The GTPase Rem2 inhibits CaMKII activity was treated with tobacco etch virus protease overnight at 4°C, and the supernatant was further purified using a nickel-Sepharose column (Ni-Sepharose 6 Fast Flow). The protein of interest was eluted using buffer R supplemented with 500 mM imidazole, and the sample was dialyzed for 20 h at 4°C against buffer R. CaM was purified from bovine brain using a modified version of the method described previously (51).
Electron microscopy
For the negative stain, 3.5 l of 0.3-1 M CaMKII was applied to 400-mesh copper grids (Electron Microscopy Sciences) that were glow-discharged for 30 s at Ϫ20 mA immediately before use. The sample was allowed to adsorb for 1 min, then blotted, rinsed, and blotted twice with double distilled H 2 O. Finally, grids were stained with 0.75% uranyl formate for 1 min. Grids were imaged on an FEI Morgagni transmission microscope at 80 keV at a nominal magnification of ϫ44,000.
Rem2 affinity pulldown assay
Rem2 interactors expressed in the brain were identified using MBP-Rem2 immobilized on amylose-agarose beads. Brains from P14 rats were isolated and homogenized in 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM CaCl 2 , 2 mM MgCl 2 , 1 mM DTT, and 5% glycerol (buffer L) containing a mixture of protease inhibitors and 0.1% Triton X-100. The lysate was incubated at 4°C for 30 min and then centrifuged at 18,000 ϫ g for 30 min. The supernatant was saved and incubated with MBP-Rem2/ amylose-agarose beads for 3 h at 4°C. Next, the beads were washed three times for 5 min with buffer L supplemented with 350 mM NaCl, and MBP-Rem2 was eluted with buffer L containing 10 mM maltose. A parallel experiment was conducted using amylose-agarose beads containing only the MBP tag to serve as a control. The samples were separated by SDS-PAGE using a precast 10% Bis-Tris gel (NuPAGE, Thermo Fisher Scientific) and 50 mM MOPS, 50 mM Tris base, 0.1% SDS, and 1 mM EDTA (pH 7.7) as running buffer. The gel was stained with Coomassie Brilliant Blue R-250, and bands present in the MBP-Rem2 sample only were cut and sent for further purification and identification by microcapillary LC/tandem MS (Taplin Mass Spectrometry Facility, Harvard Medical School, Cambridge, MA).
CaMKII activity assays
The kinase activity of CaMKII was assessed using a continuous spectrophotometric assay (34) . The method is based on the coupling of the phosphorylation of peptides by CaMKII/ MgATP to the oxidation of NADH via pyruvate kinase, phosphoenolpyruvate, and lactate dehydrogenase (PK/LDH assay). Monitoring the decrease in absorbance of NADH at 340 nm permits the continuous spectrophotometrical analysis of CaMKII kinase activity. The standard assay (150 l total volume) contained 50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM to amino acids 68 -88 of mouse Rem2 (GSMPVPYKHQLR-RAQAVDELD) were obtained from Genscript (Piscataway, NJ). The reaction was started by the addition of 20 nM CaMKII (monomer concentration), and the decrease in absorbance at 340 nm at room temperature was monitored in a microplate spectrophotometer (Infinite 200 Pro, Tecan, Mannedorf, Switzerland). Full-length human CaMKII␣ and -␦ were purified as described above. Rat truncated CaMKII␣ was obtained from New England Biolabs. A calibration curve was used to convert the NADH absorbance readings at 340 nm into moles of ATP based on the 1:1 coupling of NADH:ATP consumption of the PK/LDH assay. Subsequently, the moles of ATP consumed in each step were used to construct a cumulative plot of ATP consumption. The kinase activity in pmol/s was calculated from the slopes of this plot. Because two kinetically distinct phases were observed in all plots, a multiple linear regression was fitted to the data points. The value of the intersection point of the two regression lines was the same for all curves for a given condition. The values obtained from the late kinetic phase were used. Importantly, a similar inhibition by Rem2 was obtained if the values from the early phase were used instead.
Phosphorylation of full-length protein by CaMKII was probed using recombinant human GSK-3␣ (ab42597, Abcam, Cambridge, MA) (52) . GSK-3␣ (300 ng) was added to a solution containing 50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 3.33 M CaM, and 400 M sodium ATP in the presence or absence of 500 nM Rem2. The reaction was started by addition of CaMKII (20 nM final) and incubated at room temperature for 10 min. After incubation, the reaction was stopped by addition of 4ϫ Laemmli buffer, and the extent of protein phosphorylation was monitored by SDS-PAGE followed by immunoblotting using a phospho-GSK3-␣ antibody. Samples that did not contain sodium ATP were used as negative controls.
Autonomous CaMKII
To obtain autonomous CaMKII activity (i.e. Ca 2ϩ -independent kinase activity), the purified enzyme (60 nM) was preincubated with sodium ATP (500 M) and CaM (10 M) in 50 mM Tris buffer (pH 7.5) containing 150 mM NaCl, 1 mM CaCl 2 , and 2 mM MgCl 2 in a total volume of 50 l. After 2 min, 6 l of 100 mM sodium EGTA was added to stop the autophosphorylation of CaMKII. The reaction mixture was immediately added to 96 l of a solution containing 200 M syntide-2, 400 M NADH, 200 M phosphoenolpyruvate, 500 M sodium ATP, 40 M GDP-␤-S, 9 -15 units of pyruvate kinase, and 13.5-21 units of lactate dehydrogenase in 50 mM Tris buffer (pH 7.5) containing 150 mM NaCl. Addition of sodium EGTA lowered the final concentration of free Ca 2ϩ to Ͻ20 nM while decreasing the free Mg 2ϩ to ϳ1.2 mM (calculated with the software MaxChelator (53)). To assure that addition of EGTA allowed only the detection of autonomous CaMKII activity, samples were run with EGTA present during the preincubation. Accordingly, at those divalent concentrations, no Ca 2ϩ /CaM-dependent activity could be detected.
Radioactive in vitro kinase assays
The kinase activity of CaMKII␣ was monitored by measurement of the incorporation of radiolabeled phosphate from
The GTPase Rem2 inhibits CaMKII activity
[␥-32 P]ATP into the substrate peptide syntide-2. The kinase assay (150 l total volume) contained 50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 3.33 M CaM, 400 M [␥-32 P]ATP (ϳ0.8 Ci/mmol), 200 M syntide-2 peptide, and 40 M either GDB-␤-S or GMP-PCP (Sigma-Aldrich). The reaction was initiated by addition of purified CaMKII (20 nM final) and incubated at room temperature for 8 min. The reaction was stopped by addition of 600 l of 75 mM phosphoric acid, and peptide substrate was collected on Whatman P81 phosphocellulose paper using a slot-blot apparatus (Bio-Rad). After additional washes with 75 mM phosphoric acid, the paper was rinsed in acetone, dried, and exposed to a phosphorimaging plate. Incorporated radioactivity in each of the samples (slots) was measured using a phosphorimaging system (Typhoon FLA 7000, GE Healthcare). The radioactive incorporation was quantified using ImageJ software (National Institutes of Health, Bethesda, MD).
CaMKII autophosphorylation
CaMKII autophosphorylation was assessed either by measurement of the incorporation of radiolabeled phosphate from [␥-32 P]ATP or by slot-blot analysis using an antibody specific for CaMKII␣ phosphorylated at Thr-286. The radioactive assay contained 50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 3.33 M CaM, 100 M [␥-32 P]ATP (ϳ16 Ci/mmol), and 40 M GMP-PCP. The reaction was initiated by addition of CaMKII (80 nM final) and incubated at 30°C for 2 min. The reaction was stopped by addition of 4ϫ Laemmli loading buffer (Amresco, Solon, OH) followed by incubation at 90°C for 2 min. The samples were separated by SDS-PAGE, and the gel was blotted onto a Whatman 1 filter paper and dried. Radioactivity of protein bands was measured using a phosphorimaging system (Typhoon FLA 7000). The slot-blot assay contained 50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 1 mM CaCl 2 , and 3.33 M CaM in a total volume of 150 l. When included in the reaction mixture, ATP and Rem2 were present at 500 M and 500 nM, respectively. All reactions were started by addition of CaMKII␣ to a final concentration of 20 nM (monomer). After 2-min incubation at room temperature, the reaction mixture was blotted onto a nitrocellulose membrane inserted in a slotblot manifold. After washes with TBS, the membrane was subjected to a standard immunoblotting protocol using an antiphospho-CaMKII␣ Thr-286 antibody (AP0255, Abclonal).
Analysis of neuronal morphology and immunostaining
Neurons were transfected on DIV 2 with a pCMV-GFP plasmid (500 ng/well) to visualize cell morphology along with one or several of the following plasmids: pCMV-myc (control; 100 ng/well), pSuper-shRNA-Rem2 (Rem2 KD; 33 ng/well), pCMV-myc-Rem2 (Rem2 OE; 100 ng/well), or pCMV-myc-Rem2 RR/GG (Rem2 RR/GG OE; 100 ng/well). These neurons were fixed on DIV 11-14 with 4% paraformaldehyde ϩ 4% sucrose in phosphate-buffered saline (PBS) for 8 min at room temperature followed by three washes with PBS. Images were acquired in a blinded manner using an Olympus Fluoview 300 confocal microscope (20ϫ objective) and assayed for dendritic complexity by Sholl analysis.
To measure expression levels of Rem2 and Rem2 RR/GG in dendrites, coverslips containing neurons were fixed and immu-nostained using a primary antibody against myc (1:200; 2278S, Cell Signaling Technology) diluted in gelatin blocking buffer overnight at 4°C. The next day, the coverslips were washed three times for 5 min with PBS and incubated with a secondary antibody conjugated to Cy3 (1:500; Jackson ImmunoResearch Laboratories) for 2 h at room temperature followed by three washes with PBS. Expression levels were determined by first making sum projections from individual z-stacks with ImageJ. Next, a region of interest was drawn around two random, separate stretches of dendrite per neuron in the GFP channel, and fluorescence intensity was measured in the myc channel. Myc intensity was normalized by area for every region of interest.
Calcium imaging
HEK293T cells stably expressing the mouse Cav2.1 subunit (Addgene 26578), the rat ␣2␦1 subunit (Addgene 26575), and the rat ␤4 subunit (Addgene 107426) were created using the sleeping beauty transposase system (54) . The transposase system plasmids used were pSBbi-GB (Addgene 60520 for Cav2.1), pSBbi-pur (Addgene 60523 for ␤4), and pSBbi-hyg (Addgene 60524 for ␣2␦1). The cells were transfected with a vector encoding the red fluorescent protein tdTomato and either a control vector or vectors encoding for WT Rem2 or Rem2 RR/GG . After 24 h, the cells were transferred to Tyrode's solution containing 0.1% BSA and 2 M Fluo-4 AM and incubated at 37°C for 30 min. The dye loading solution was removed, and the coverslip was washed three times with Tyrode's solution. Next, the coverslip was mounted on an imaging chamber and Fluo-4 fluorescence images were acquired on an Olympus IX-70 inverted microscope using a 60ϫ 1.25 numerical aperture objective (Olympus UPlanFi) and a cooled charge-coupled device (CCD) camera (Orca R2, Hamamatsu) controlled by Volocity 3D Image Analysis software (PerkinElmer Life Sciences). Fluorophore excitation was achieved using a mercury lamp, and spectral separation for excitation and emission was obtained using a Fluo-4 filter set (Chroma Technology). Calcium transients were evoked by perfusion of a modified Tyrode's solution containing 90 mM KCl.
Data and statistical analysis
Quantification of protein and peptide bands from digitized images of slot-blots, gels, and membranes were performed using ImageJ (National Institutes of Health). Data processing and analysis were performed using Excel (Microsoft, Redmond, WA), OriginPro 8 (OriginLab, Northampton, MA), and Graph Pad Prism 7 (GraphPad Inc., La Jolla, CA). Statistical significance was determined using one-way or two-way ANOVA, Wilcoxon signed-rank test, Wilcoxon-Mann-Whitney test, or Student's t test as indicated in each figure legend. The confidence interval was set to 99% for all analyses except for Fig. S2 (95%). To estimate the IC 50 of CaMKII␣ inhibition by Rem2, the data points shown in Fig. 2F were fitted using a log(inhibitor) versus response equation. y ϭ a ϩ ͑b Ϫ a͒ ͑1 ϩ 10 x Ϫ IC50 ͒ (Eq. 1)
where a and b are constants.
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